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" SMOKE HAZARDS RESULTING FROM THE BURNING OF

":‘ SHIPBOARD PAINTS—PART 111

. INTRODUCTION

")

' This report describes the etforts conducted under the broad heading **The Determination of the

a Smoke Hazards Resulung trom the Burning of Shiphoard Materials Utilized by the U .S Navy .

5 This work was pertormed during the period September 1, 1981 through August 31, 1983, Specihi-
cally. 1t 15 a continuation of work done during the previous three years o determine the physical and

- chemical properties of smoke particulates generated during the combustion of representatives of three

'

classes of matenals abundantly present on Navy ships. In the present investigation, smoke was physi-
1 cally characterized toranterior fire retardant paints. Two types of paint were investigated:  a chlort-

. nated alkyd paint (as specified by DOD-E-24607) and an intumescent paint (Ocean 9788). The aims
% of this investigation were to identity the conditions under which large quantities of smoke would
result 1n severe hight obscuration.
L)
y EXPERIMENTAL FACILITIES
»
! The smoke research program described here has been conducted by using the tollowing tacihties
B that have been developed at the School of Aerospace Engineering. Georgia Institute of Technology:
ta) a combustion products test chamber, (by 4 combustion products sampling system. and (¢) an in situ
N optical aerosol measurement system.

The venulated combustion products test chamber (CPTC) iy desenibed in detatl i Rets |
) through 5 and v capable of simulating 4 wide vaniety of environmental conditions that may  be
encountered i actual fire sitwations. Speaifically . the design of the CPTC permits casy control and
measurement of the tollowing vanables durig the combustion of small samples of materials

L

..

N ethe mode of combustion (1.¢., flanung vs smolderning combustion),

L]

, Al
ethe sample radiant heating rate (up to 10 Woeme),

. sthe sample weight loss during the test.

' ethe composition of the venttlating gas surrounding the sample.

‘
) ethe temperature ot the ventilation gas up o 6507°C) . and

‘-': ethe option 1o test the sample under cither vertical or horizontal mounting
Y,

\ The CPTC 'S aerosol samphing system cluadates particle size distributions and the total particu
N late mass generated
\
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In addition to the data obtained by sampling techniques, an in situ optical aerosol measurement
system is used to make simultaneous mean particle size and concentration measurements. With this
optical smoke analysis system, measurement of scattered blue-green laser light (A = 0.488 um) at for-
ward angles of 5° and 15° provides time-resolved data describing the average size of the smoke parti-
cles. Measurement of transmitted red (A = 0.633 um) and blue-green laser lights provides the optical
densities of the smoke at these two wavelengths. For nonabsorbing particles (usually produced by
nonflaming combustion) the transmitted light measurements along with the mean particle size mea-
surements also yield the refractive index and volume fraction of the smoke particles. For absorbing
particles (i.e., soot), measurements of 90° scattered blue-green light intensities parallel to and perpen-
dicular to the plane of polarization of the incident light beam provide the additional data necessary to
determine the complex refractive index of the smoke particles. Details of the optical system are avail-
able in Refs. 6 ard 7.

An on-line data acquisition system using a Hewlett-Packard 2100 minicomputer is being used for
acquiring, reducing. and plotting all of the optical data with the exception of the 90° scattering data,
which must be reduced using the Control Data Corporation (CDC) Cyber 730 computer at Georgia
Tech’s computer center.

TEST PROCEDURES AND CONDITIONS FOR
SMOKE PHYSICAL PROPERTIES MEASUREMENTS

The first material to be tested. a chlorinated alkyd paint, was provided by the Navy. The
second matenial, Ocean 9788 intumescent paint, was supplied by the manufacturer, Ocean Chemicals.
The tests were performed by using the CPTC, the aerosol sampling system and the in situ aerosol
measurement system.

For tests conducted in room temperature veatilation gas, the physical analysis of the smoke par-
ticulates determined the following smoke properties:  (a) the particle size distribution, (b) the mass
traction of fuel converted to particulates, (¢) the evolution of the mean particle diameter with time,
(d) the hght obscuration by the particles (1.¢.. optical density), (e) the particle refractive index, and (1)
the volume fraction (1.e., volume concentration) of the particles. For the tests conducted in hot venti-
lation gas. items (a) and (b) above were not determined since the aerosol sampling system can not be
operated at high temperatures. The sample mass loss as a function of time was also determined for
most of the tests.

The dependence of the above quantities on the following experimental conditions was deter-
mined. the temperature of the test chamber atmosphere and the mode of combustion (1.e.. flaming or
smoldenng combustion)  Table | shows the test matrix to which the two paints were subjecied. Al
of the tests were conducted in the horizontal sample onentation, and in all of the tests the sample was
exposed 10 4 radiant heat flux of § Wiem® The particulate size distributions using cascade impactor
sampling were determuned tor all room temperature tests.  In the flaming tests, the pyrolysis products
generated by exposure of the sample to the § Wiem® radiant flux were ignited by a small propane
pilot flame  Finally . 10 sl tests ot the chlorinated alkyd paint the CPTC ventilation gas consisted of
arr flowing at g volumetnie rate (betore heatung) ot 425 Foun, while inall tests of the Ocean 9788
intumescent paint a lower flow rate of 142 'oun was used.  Because of the decrease in density of the
ventlation wir during heating. the volumetnic flow rate of the heated air during the high temperature
tests was higher as shown in Table | Additonal tests at 150 and 200°C were also conducted tor rea-
sons to be discussed later The flow rates tor these addinonal tests are also given in Table 1 (Tests 7
and 8)
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. Table 1 — Test Matrix for Interior Fire Retardant Paints

1

Y Flow Rate of

* Heated
. R;(lham G Y;ntxlatz(?n Mode of Ventilation Gas Venull/auf)n Gas

5 W /::12 as ?TCpf rature 1 Combustion Composition (/min)

" Chlorinated I ‘
" Alkyd ntumescen

" 1 50 25 Nonflaming Air 425 142

e 2 5.0 100 Nonflaming Air 532 178

|

4

i 3 5.0 300 Nonflaming Air 817 273

v 4 5.0 25 Flaming Air 425 142

’ s| so0 100 Flaming Air 532 178

: 6 5.0 300 Flaming Air 817 273

P 7 5.0 150 Nonflaming Air - 202

>

N 8 5.0 200 J Nontlaming Arr 675 225

.

i The following sections of this report present the smoke particulate physical properties data for
:: the fire retardant paints tested during this research program. Brief discussions of each of the mea-
- sured parameters are given in Appendix A of Ref. 8

.".‘ SMOKE PHYSICAL PROPERTIES DATA FOR CHLORINATED ALKYD PAINT

y Description of Material and Sample Preparation

5 This paint conforms to the military specitication (DOD-E-24607) for interior semigloss enamel
: based on chlorinated alkyd resin [9]. This enamel 1s formulated to provide a decorative coating or
N dry film that, although degraded by heat, will not spontancously ignite in the event of exposure to

firc. The color of the paint tested was Soft White, Formula No. 124, Table 2 lists the chemical
" composition of this paint.

Regardless of color, the paint consists of $7.0% to 60.5% by mass pigments (primarily barium
sulfate and ttanium dioxide), 20.5% 10 23.0% volatules, and 18.5% to 21.0% nonvolatile vehicle
(45% chlonnated dibasic acidy. The density of the wet paint ranges from 1.73 to 1.80 kg/l.

oy

Samples of the chlorinated alkyd paint were prepared by brushing it onto 5.1-cm (2-in.) squares
of cold rolled steel substrate 0.79 mm (1 32 i) thick  The average weight of the substrates was
19 0 g, which was just below the linit imposed by the foree transducer. The substrates were first
Cleaned with acetone, then 10 thick coats of paint were applied with a small brush over a 17-day
period with | to 4 days drying time between coats. The average dry mass of paint applied in this
manner was 10.66 g with a standard deviation of 0.49 g This vields an average dry film thickness of
2 3 mm based on a dry film density of 1.79 g/em' Storage time under ambient laboratory conditions
for these samples ranged from 2 to 44 weeks.

.."'. ( ,-’ ( - .I ¥, I \‘. n .
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Table 2 — Composition of Chlorinated Alkyd Paint ‘;

. Percent by ]

Ingredient Mass of Ename! 4

Barytes® 34.90 “:‘:
Titanium dioxide 23.27 ;::.
Chlorinated alkyd resin® 30.91 :.;‘
Paint thinner (petroleum spirits) 9.97 o
Lead naphthenate 0.39 .
Cobalt naphthenate 0.16 ﬁ
Antisettling agent 0.33 X §
Antiskinning agent 0.07 B,
aMinimum of 98.0% barium sulfate. ”:."
BChiorine, in the form of chiorinated dibasic acid, i
minimum of 4.2% by mass of enamel. "
N

K

Tests in Room Temperature Ventilation Air h

Both flaming and nonflaming tests of the chlorinated alkyd paint have been conducted in room
temperature ventilation air (25°C) with a radiant flux of 5 W/cm?. For all of these tests the ventila-
tion air flow rate was 425 I/min (15 ft*/min). The results of these tests are presented in Figs. 1
through 5 and in Tables 3 and 4.

v

Figure | presents the curves of sample mass vs time for flaming and nonflaming combustion of
the chiorinated alkyd paint samples, and Table 3 gives the peak mass loss rates obtained from these
curves. These curves show that significant mass loss caused by pyrolysis begins about 2 mins. after
the sample is first exposed to the radiant heat flux. A peak mass loss rate of about 0.4 mg/cm?-s
occurs after about 4 mins. of exposure in the nonflaming mode. During flaming combustion, the
peak mass loss rate is about 50% greater and occurs about a minute earlier than for the nonflaming
mode. Under both flaming and nonflaming conditions, slightly more than 80% of the initial sample

- "‘C‘-...
Sl 7

mass remains as char, with slightly less char remaining in the flaming case. This is not surprising, "
since about 75% of the dry paint consists of nonvolatile inorganic pigments. Figure 2 shows the char \2.
residues for both nonflaming and flaming tests. In both cases the residue has a thin, brittle, white ::1.
surface skin with large cracks revealing black flaky char layers underneath. Some swelling of the f:':'

char occurs during combustion with a maximum char thickness of about 6 mm. In Fig. 2 it is seen
that the residue left after flaming combustion also has more cracks in the surface skin than the residue
left after nonflaming combustion, and it also has numerous small blisters in the surface skin along the
edge of the largest cracks. It is likely that these blisters are due to the higher local surface tempera- N
tures associated with the flaming combustion of pyrolysis gases issuing from these cracks. 5,

Smoke particle size distributions were obtained by using the cascade impactor for both flaming
and nonflaming combustion of the chlorinated alkyd paint samples at the radiant flux of § W/cm®. <
Figure 3 shows these size distributions as cumulative curves generated by plotting the percentage of .
particulate weight having particle diameters less than a given particle size vs the particle size on log-

.

b
normal probability coordinates. In both cases, a straight line gives a good fit to the cascade impactor Y
data (plotted points). which indicates that the size distribution is log-normal for both flaming and non- N
flaming modes. Table 4 gives the mass median diameters Dy, and standard deviations o, obtained

from these curves. For nonflaming combustion the particulates consist of pale yellow spherical liquid .,:
€3]
» Sy
¥
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Fig. 1 — Sample weight losses for flaming and nonflaming combustion of chlorinated alkyd paint
exposed to a radiant flux of 5 W/cm? in room temperature ventilation air (25°C)
. '
Table 3 — Samvole Weight Loss Data for Chlorinated Alkyd
:0 Paint on Steel Substrate
Ventilation Peak Char Residue
Air Radiant Mass Loss (Percent of
Mode - .
Temperature Flux Rate Initial Weight)
(°C) (W/cm?) (mg/cmz-s)
Nonflaming 25 5.0 0.40 82.1
Nonflaming 100 5.0 0.40 81.2
Flaming 25 5.0 0.58 80.8
[ Flaming 100 5.0 0.82 79.7
’ Flaming* 200 5.0 0.57 78.5
o Flaming 300 5.0 1.12 77.4
Flaming* 300 5.0 1.40 77.7
.; *Spontaneous flaming ignition occurred during a *‘nonflaming’* test (i.e.. no pilot flame).
\
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Fig. 2 — Char residues for chlorinated alkyd paint tests
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Nonflaming

- S U | ] 1
0.2 0.4 0.6 0.8 1.0 2

PARTICLE DIAMETER (gm)

Fig. 3 — Smoke particle size distributions for flaming and nonflaming chlori-
nated alkyd paint exposed to a radiant flux of S W/cm? in room temperature
ventilation air (25°C)
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Table 4 — Smoke Properties Data for Chlorinated Alkyd Paint

Radiant Dymp OD,,, (m™h ) Time to
Flux r p Peak OD
(W/cm?) (um) Blue Red (min)

Nonflaming 25 5.0 0.94 . 0.90 . 49

T

Mod
| o

Nonflaming | 100 5.0 0.54 . . 4.1
Flaming 25 5.0 i . 0.84° . 3.5°
Flaming 100 50
Flaming?® | 200 5.0

Flaming 300 50

Flaming® | 300 5.0

3Average of data points near oD,_..
Second of two peaks.
CFirst of two peaks.
Spontaneous flaming ignition occurred during a ‘‘nonflaming”” test (i.e., no pilot flame).

droplets with a Dyp of about 0.9 um. Here the total mass of particulates collected on the cascade
impactor was about 13 mg, with about 1.5 mg collected on the last filter (absolute) (<0.43 pm) and
the last impactor stage (0.43 to 0.65 um) and about 4.5 mg on each of the next two impactor stages
(0.65t0 1.1 um and 1.1 to 2.1 um). Less than 1 mg of these particles were larger than 2.1 um. For
flaming combustion, black sooty particulates were collected with a Dyyp of about 0.6 um. The size
distribution determination is less accurate than that for the nonflaming mode, because the total mass
of particulates collected was only about 4 mg, of which about I mg each was collected on the abso-
lute filter (<0.43 um) and on the last two impactor stages (0.43 to 0.65 um and 0.65 to 1.1 um).
Smaller amounts were collected (0.6 mg and 0.3 mg) on the next two stages (1.1 to 2.1 um and 2.1
to 3.3 um). Traces of soot particles were detected visually on the impactor plates for sizes greater
than 3.3 um, but the quantities collected were too small to detect by weighing (<0.02 mg per stage).
These results indicate the particle size distribution obtained for flaming combustion of the chlorinated
alkyd paint is considerably broader than that obtained for nonflaming combustion, even though the
value of Dyyp is smaller in the flaming case.

Sampling data was also used to determine the fraction of the sample mass loss converted to par-
ticulates (I') for the room temperature tests. Table 4 gives the values of I" that show that for non-
flaming combustion under 5 W/cm? radiant flux about 11% of the total mass loss appears as particu-
lates, while for flaming combustion under similar conditions slightly less than 4% of the mass loss is
converted to soot particles.

The in situ optical system was used to obtain mean particle diameters Dz, and optical densities
produced by flaming and nonflaming combustion of the chlorinated alkyd paint samples. Figure 4
gives a comparison of mean particle sizes for flaming and nonflaming combustion, while Fig. § gives
the corresponding optical densities.
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Figure 4 shows that for nonflaming combustion in room temperature ventilation air, the mean
particle diameters vary between 0.7 and 1.1 um during the initial stages of pyrolysis and average e
about 0.85 um during the time of maximum optical density. This latter value is in very good agree- 3

4

0 ment with the Dyyp obtained by cascade impactor sampling (Table 4). During the later stages of \,

{ pyrolysis the D5, decreases gradually to below 0.4 um as a result of the rapidly declining rate of pro- .t
duction of condensible pyrolysis products. For flaming combustion, the mean particle diameters are kf-
nearly constant throughout the tcst, ranging between 1.1 and 1.2 um. The mean diameter obtained ph
optically (Dj3,) is nearly twice that obtained by particle sampling (Dyp) for flaming combustion. 1
This discrepancy is probably due to the nonspherical shape of the soot particle agglomerates produced 'g

under flaming combustion. ‘
8y

Figure 5 shows that for nonflaming combustion in room temperature ventilation air, the optical

density at the blue-green argon line (0.488 um) rises smoothly to a peak of about 1.0 m t about 5 N
mins after initiation of exposure and then smoothly declines. For flaming combustion, peak optical t:.:-
density is somewhat lower and occurs earlier in the test. Furthermore, the curves of optical density oo
vs time exhibit two pronounced peaks, the second of these occurring after about 3.5 mins and reach- NIy
ing about 0.85 m™ ' Py
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Tests in Heated Ventilation Air

Results of tests of chlorinated alkyd paint samples conducted in hot ventilation air are shown in
Figs. 6, 8, and 9 for nonflaming combustion and in Figs. 7, 10, and 11 for flaming combustion. In
each figure the room temperature data are also shown for comparison. High temperature data are
also given in Tables 3 and 4. In all flaming tests, a small propane pilot flame was maintained
throughout the test, and the radiant heat flux was.S W/cm? for all tests. For ventilation air tempera-
tures of 200°C and above, the chlorinated alkyd paint samples ignited spontaneously (i.e., without the
pilot flame), therefore nonflaming data was not obtained for the highest ventilation gas temperature.

Figure 6 and Table 3 show that, for nonflaming combustion of the chlorinated alkyd paint, heat-
ing the ventilation air to 100°C causes pyrolysis to begin earlier but has little or no effect on the peak
mass loss rate (0.4 mg/cmz-s). This moderate increase in ventilation air temperature also results in a
slight increase in the total mass of pyrolysis products evolved as reflected in the slight decrease in the
amount of char residue. On the other hand, Table 3 and Fig. 7 show that for flaming combustion of
the chlorinated alkyd paint, increasing the ventilation air temperature results in a significant increase
in peak mass loss rate. For flaming tests in 300°C air, the peak mass loss rate (1.1 mg/cm’-s) was
nearly twice that obtained in the room temperature flaming tests. The peak mass loss rate also occurs
earlier at elevated ventilation air temperatures. For 300°C ventilation air, half of the mass loss has
occurred by 1.3 mins after initiation of exposure, while about 3.2 mins are required for a similar
mass loss to occur in the room temperature environment. Heating the ventilation air for the flaming
tests also resulted in further small reductions in the percentage of initial mass remaining as char. In
each of the flaming tests the pilot flame and radiant heating were maintained for 10 mins. The results
of the flaming tests are consistent with increased convective heat transfer to the samples from the hot
ventilation gas that results in increased pyrolysis rates and greater amounts of material pyrolyzed.
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Fig. 6 — Elfect of ventilation air temperature on sample weight loss for nontlanung combustion
of chlorinated alkyd paint exposed to a radiant flux of § W.em®
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Fig. 7 — Effect of ventilation atr temperature on the sample weight loss tor flaming
combustion of chiorinated afkyd paint exposed to a radiant flux of 5§ Wiem®

Figure 8 presents the comparison of the D;as for nonflaming tests of chlorinated alkyd paint con-
ducted in room temperature and 100°C atmospheres. It is seen that this moderate amount of heating
has a pronounced effect on the shape of the curve of Dy, vs time. In contrast to the relatively con-
stant values of D> followed by a gradual decline obtained in room temperature air, at 100°C there is
an mitial sharp peak in Dy, of nearly 1.4 um followed by a shert plateau at about 1.0 gm tollowed by
a rapid decline in particle size. In both cases the maximum optical density occurs shortly after the
beginning of the tinal decline in Dy, Although the shapes of the curves are different. moderate
increases in environmental temperature have little eftect on the mean particle diameters obtained near
the time of peak optical density (Table 4). It should also be noted that the sharp peak in particle size
for the 100°C test occurs at a time when the optical density, and hence the particle volume fraction,
is relatively low.  Even though pyrolysis begins earlier at 100°C than at room temperature, particulate
light scattering is detected later in the higher temperature test owing to the suppressed condensation of
the more volatile pyrolysis products.

Figure 9 shows the effect of environmental temperature on optical density (A = 0. 488 um) for
nonfluming tests of the chlorinated alkyd paint. The curves in Fig. 9 are based on directly measured
values, while the corresponding peak optical densities (A = (0.488 and 0.633 unn given ain Table 4
have been corrected for the higher ventilation air flow rates caused by the expansion of the ventilation
air during the constant pressure heating process. The curves of optical density vs time for the two
temperatures are similar in shape. but the peak optical density at 100°C s roughly halt that obtained
in the room temperature test. The peak optical density also occurs shghtly carlier in the hotter venn
lation air. These trends are consistent with reduced condensation of pyrolysis products and imereased
heat transfer to the sample as the ventilation air temperature increases

Figure 10 shows the etfect of ventilation air temperature on the Dyos tor flanung combustion of
the chlorinated alkyd paint.  For tests in room temperature (257°C) 10070 and 300 C air. the pilot
flame was ignited at 1 = O, but the ignition of the sample was delayed until sufticient pyrobysis
products were evolved to form a combustible mixture.  As expected this igmtion delay becomes
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Fig 10 Eitect of the sentlation air temperature on the smoke mean particle diameter for

flanung combustion of chionnated alkyd exposed 1o a radant flux ot S Ween

shorter as the environmental temperature s increased. as evidenced by the sharp rise in the light
scattening and the particle sizes exhibited at the beginning of each curve shown in Fig. 10. These
curves and the data in Table 4 aiso show a small but detinnte trend of increasing D, as the ventilation
arr temperature s ancreased. This behavior has been observed to various degrees for a vartety of
polymenic materials [3.6.8] 1t has been demonstrated experimentally that increasing the temperature
of gaseous dittusion tlames generally leads o greater guantities of soot and larger soot agglomerates
produced within the flame [10] This s expected to enhance turther agglomeration processes in the
smoke plume. whoh accounts tor the larger particle sizes observed

Figure 11 presents the curves of optical density varation with ome for ftaming combustion of
the chlormated alkyd pant samples at ditterent sentilation wir temperatures . The optical density peaks
penerally occur at carbier times as the environmental temperature aincreases. and the directly,: measured
peak values of optcal density are not sipmticantly intluenced by temperature However, when the
dilution ettect omang to the increase of the volumetric ventilation flow rate with temperature s tiahen
into account, the peak optoal density (A O 48K gy at 100 C s about SO igher than at room
temperature. while the corresponding increase i peak optical density at 300 C s about 799 1 Table
4 For the room temperature and 100 C tests, there were alwavs two procunent optical densin
peihs with conmiderabie varations i peak heights trom one iest tooanother Thus the OD 0 values
given i Table 4 are averages of the Largest peak values over a namiber of rephicate tests Fhe second
peak gencrally predoninated m the roont temperature tests. while the st peak was more pronnnent
in the 10O Crests A 300 C the second peak was either absent or much smaller than the nan peak
It thus appears that the two optical densits peaks arse trom datterent physicochenical mechanisims,
one that 15 enhanced by increasing temperature (st peaky and one thiat i suppressed by oincreasing
temperature (second peak)
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Fig. 11 — Effect of ventilation air tempera-
ture on the smoke optical density for flaming
combustion of chlorinated alkyd paint
exposed 1o a radiant flux of § W/cm®

OPTICAL DENSITY m (0 488 um)

TIME (min)

Smoke Particle Refractive Index and Volume Fraction

For nonflaming tests of the chlorinated alkyd paint, measurement of the ratio of optical densities
ODg/ODg and the 90° scattering ratio [/l , were used to determine the refractive index of the
smoke particles. For each test, it was initially assumed that the particles were nonabsorbing (k = 0),
and the measured values of /;// | in blue-green light (\ = 0.488 um) along with the previously deter-
mined values of D;, were used to calculate the corresponding refractive index ng. Measured
ODgx/ODyg values were also used to obtain the refractive index, assuming that k = 0 and that n does
not vary significantly with wavelength.

Values of ng determined from the 90° scattering data for a test in room temperature air reveal
considerable variations in refractive index with time during a test. as shown by the solid curve in Fig.
12, In this case, the refractive index exhibits a gradual rise from values just below 1.30 to a max-
imum of nearly 1.375 followed by a gradual decline. Such variations in the refractive index indicate
corresponding variations in the chemical composition of the smoke particles (presumed to be mixtures
of hiquid organic compounds) during the nonflaming test.  Near the time of peak opucal density | the
N scattering data gave an average value of ny of 1 355 (Tuble S5), while the optical density ratio
vielded a smaller value. ny = ny = 1338 It is - umed that shightly absorbing particles did not
resolve this discrepancy because the Mie theory gives no solution for posttive values of & On the
other hand. allowing n to vary with wavelength (with & = ), successfully fitted both sets of data by
calculating ny from the measured ODR/ODy values by using the ny values obtsined previously trom
the I /1 data. As shownn Fig. 12 tdashed curve), the refractive index an red hght (8 = 0 633 ym)
15 shghtly smaller than the refractive index in blue-green light (A - 0 38K um) for the middle portion
of the test. and it exhibits sinular vanations with time duning this peniod The average value of ng at
peak optical density was ng = 1 343
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Fig. 12 - Varations of the smoke particle refractive index during the nonflaming combustion of chlori-
nated alkyd pant exposed to a radiant flux of 5§ W/cm? in room temperature ventilation air (25°C)

Table 5 — Smoke Refractive Index, Volume Fraction, and Total Volume
for Chlorinated Alkyd Paint

r— ng 4= 0,488 . m
....... LA 0,633 . m
1 1 1 4 1 1 1 —J
[ 1 2 3 4 5 6 7 8
FIME (mun)

Ventilation ) Refractive Peak Specific
Radiant Index Total
Mod A Fi NF volime | o icle | /T
ode Temperature W/ux3 mg (NF) K Fracuon Vd,l-me 2s
l °C) (Wiecm) or (ppm) olume
| m_ (F) (cm'/g)
——— - + =
Nonflaming | 25 5.0 1.355 - 0.0i — 0.42 0.040 1.00
|
Nontlaming ' 100 5.0 1.417 - 0.095 — 0.26 0.017 0.42
Flaming 1 25 50 11582 - 0107 | 0.259 0.76 0.054 1.00
i
Flaming | 100 SO 1173 - 0123 | 0.294 1.09 0.043 0.76
Flaming® ! 200 S0 1154 - 01091 | 0.262 0.79 0.047 0.78
Flaming ‘ 300 S0 1 144 0.10h 0.245 143 0. 080 r 079
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Refractive index values were also measured for smoke particles produced under nonflaming
combustion in ventilation air at 100°C. Under the assumption of nonabsorbing particles (k = 0) vari-
ations in refractive index were again observed as the test proceeded. The refractive index measured
during the time of maximum optical density was 1.314 (A = 0.488 um). which was somewhat lower
than the corresponding value measured under room temperature conditions (Table 5). The refractive
index in red light (\ = 0.633 um) was only slightly larger (ng = 1.319) than the values in blue-green
light. Both of these values are lower than would be expected for the higher boiling organic com-
pounds that would be expected to condense in the higher temperature atmosphere (Ref. 8, Appendix
B).

To investigate the possibility that the particles produced in the 100°C nonflaming tests absorb as
well as scatter light (i.e., k& # 0), plots of /;//  and ODg/ODjy as a function of mean particle diam-
eter D3, were constructed. A typical plot for a 100°C test is shown in Fig. 13. By assuming reason-
able values of the complex refractive index mg. good curve fits were obtained by using the Mie
theory for various portions of the 90° scattering data. For example, mg = 1.422 — 0.10i gave a
good fit for Ds; less than 0.85 um, which includes the data obtained around the time of peak optical
density (between 2.5 and 5.5 minutes after start of test). For larger particles (D3, > 0.85 um),
which were produced during the first 2.5 minutes of the test, mg = 1.414 — 0.085i gave a better fit.
The theoretical curves corresponding to these values of my are shown in the upper plot of Fig. 13.

1,2 ¢ O 1,7-2,5 min

= 1,414 - 0,085¢
O 2.5-5.7 min 8

1.0 L
= 0.8}
0.6

0.4 A 2 A 1. i . )

0.4 0.6 0.8 1.0 1.2 1.4 1.6

D!Z (um}

1.1 ¢ Solid Symbols: 0D, > 0,24 m

m, = 1.422-0,101

1.0 | m = 1.363-0.174
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g 13 Optical density ratios and ) sqattering ratios for nonflaming
combustion of chlonnated atkyd paint exposed to g radiant flux of £ W .om-
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In order to fit the optical density ratios (ODg/GDpg) plotted in the lower part of Fig. 13, it was
necessary to allow the complex refractive index m to vary with wavelength. A fairly good fit for par-
ticles smaller than 0.85 um was obtained by using mg = 1.422 —0.10i (obtained from /,/1 | data)
and mg = 1.343 - 0.17i. The theoretical curve obtained with this combination of refractive indices
is also shown in the lower plot of Fig. 13.

The curve fits, and data shown in Fig. 13 indicate a strong possibility that moderately absorbing
particles are produced by the nonflaming combustion of the chlorinated alkyd paint in air heated to
100°C. Although mg and mg are assumed to be constants during the curve fitting process. the actual
values probably vary with time during the test; this may account for the scatter of the experimental
data values around the theoretical curves. Such refractive index variations would indicate variations
in the chemical compositions of the smoke particles during various stages of the pyrolysis process.

Figure 14 shows the particulate volume fractions for the nonflaming tests of the chlorinated
alkyd paint samples. The volume fractions for the room temperature test were computed by using the
refractive index values given in Fig. 12, which were obtained from the 90° scattering data assuming
nonabsorbing particles. The corresponding curve for the 100°C test was obtained by using a constant
value of the complex refractive index (m = 1.422-0.10i for moderately absorbing particles) deter-
mined by the curve-fitting procedure illustrated in Fig. 13. Volume fractions for the 100°C test were
also computed assuming nonabsorbing particles: for most of the test these values ranged from 4% to
18% lower than those calculated by using the complex refractive index. The shapes of the curves of
volume fraction vs time and their dependence on ventilation air temperature are similar to those of the
optical density curves given in Fig. 13. This shows that the optical density of the smoke is deter-
mined principally by its concentration and that variations in particle size and refractive index only
play secondary roles. Peak volume fractions for these tests are given in Table 5.
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Fag 14 Eftect of venulation air temperature on the particulate volume fraction tor nonflaning
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For the case of flaming combustion of the chlorinated alkyd paint samples, the soot particle.
produced are highly absorbing, and the determination of the complex refractive index directly from
the measured values of ODg/ODg and /71 | is difficult and unrcliable. Figure 15 shows measured
values of 1/ | and ODg/ODy plotted vs Dj, for a typical flaming test of the chlorinated alkyd paint
conducted in room temperature air. Also plotted in Fig. 15 are curves of /// ;| and ODg/ODg vs
D;. which were calculated by using the Mie scattering theory for spheres with m = 1.57-0.56i.
The measured values of I)/1 | are seen to cluster about 0.18 which is about 12% below the theoreti-
cal values. In addition, the measured optical density ratios lie about 20% below the Mie curve for
these smoke particles.  Similar discrepancies between theoretical and measured values of 1 /1, and
ODg/ODy were also obtained for flaming tests conducted in heated ventilation air.

0.
1

Solid Symbols: ODy > 0.6 m

= 1,57 -0,561
c

m= 1.168 - 0,1204
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Fig 1S Optical density ratios and 9 scattering ratios for flaming

combustion of chlormated alkvd paint exposed (o a raduant flux ot S W e’
in room temperature ventilaton ar (25 °C)
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WILLIAMS, POWELL, AND ZINN

In a recent paper by Santoro et al. [11] it was shown that similar discrepancies between expéi-
mental observations and the Mie theory for polydispersions of absorbing spheres can be resolved.
There it was concluded that the loosely packed, low-density soot agglomerates have an effective
refractive index my that is significantly reduced below the refractive index of the particulate material
m, of which they are composed. This downward scaling of the refractive index was applied to the
interpretation of the data shown in Fig. 15 by using the Lorentz-Lorenz formula to relate m, and m,
as a function of » [11,12] the fraction of the optical mean *‘particle’” volume that is actually occupied
by the particulate material. By using m. = 1.57 — 0.56i, measured values of / /1, and Dj3; yield a
unique value of m; = n; ~ ik, from which 5, can also be determined. The best fit to the / /1, data
shown in Fig. 15 is given by m; = 1.168 — 0.120i for which 5, = 0.286. By using this same value
of my, the Mie theory gives significantly lower values of ODg/ODjg. which are only about 7% above
the experimental data (Fig. 15). Although this small remaining discrepancy may be due to part to
variations in the effective refractive index with wavelength, it is also within the expected experimental
error.

Effective refractive indices were also obtained from the flaming tests in heated ventilation air;
these are given in Table 5 along with the corresponding values of »,. For these tests, values of 7,
were between 0.24 and 0.30 with the largest values occurring at 100°C; however, the effect of
environmental temperature upon 7, appears to be weak. Therefore, for all of the flaming tests of the
chlorinated alkyd paint, an average value of 5, = 0.264 was obtained for which the corresponding
effective refractive index is m, = 1.155 — 0.110i. Thus the soot particulates produced by flaming
combustion of the chlorinated alkyd paint appear to be very loose, low-density aggregates of smaller
primary soot particles that occupy slightly more than 25% of the optical mean volume as determined
from the forward scattering measurements. The effective complex refractive index of these
agglomerates (both n, and k,) is much smaller than the complex refractive index customarily used for
the bulk particulate material.

Volume fractions for flaming combustion of the chlorinated alkyd paint samples were calculated
by using the downward scaled complex refractive index m, values given in Table 5. These curves for
ventilation air temperatures of 25°, 100°, and 300°C are presented in Fig. 16 where the data has
been corrected to the standard flow rate of 425 I/min to eliminate the dilution effect at high tempera-
tures. The peak volume fractions are also given in Table 5: these values exhibit the same trend with
increasing ambient temperature as the optical density. Again smoke concentration appears to be the
primary factor influencing the light-obscuring properties of the smoke produced by flaming combus-
tion of this material. For comparison, volume fractions were also computed based on the complex
refractive index. m¢ = 1.57 — 561, of the bulk particulate material. Significant differences in the
calculated volume fractions were found; peak values obtained by using the bulk refractive index aver-
aged about 17% lower than those determined by using the effective refractive index.

Values of the total particulate volume were obtained by integrating the volume fraction curves in
Figs. 14 and 16 with respect to time.  These values were then normalized by dividing by the
unburned sample weight to yield a specific total particulate volume (i.e.. total particulate volume per
unit mass of material burned). Values of the specific total panticulate volume (STPV) for both flam-
ing and nonflaming modes are also given in Table 5. For noaflaming combustion, the STPV, like the
peak volume fraction, decreases markedly as the ambient temperature is increased. At 100°C the
STPV 18 less than half of that obtained at room temperature. On the other hand. for flaming combus-
tion of the chlorinated alkyd paint samples. the STPV iy rather insensitive to the ventilation air tem-
perature as seen from Table 5. The average STPV value obtained for all of the flaming tests s
nearly 0.05 cm'g. This result is surprising considering the much stronger effect of temperature on
the peak height and shape of the curves of volume fraction vs time: however, a close inspection of the
curves shown in Fig. 16 reveals that the arca under cach of the three curves is roughly the same.
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j Fig. 16 — Effect of ventilation air temperature on the particulate volume fraction e
for flaming combustion of chlorinated alkyd paint exposed to a radiant flux of 5 ':
W/em? 0%
.\ Although no sampling data were available for elevated temperatures, the effect of ambient tem- :'
(' perature on I' was estimated from the optical data. These data are also given in Table 5 for both ’:
\ flaming and nonflaming combustion, where I' is normalized with respect to the corresponding room e
) temperature value. The T values for the nonflaming combustion mode follow the same trend with '

b

increasing ventilation air temperature as the specific total particulate volume. For flaming combus-
tion. however, the I values estimated for the tests conducted at 100°C and above are all roughly 75%
of the corresponding room temperature value,

A A=,

With the assumption of a particulate demlty pp = 1.3 g/cm’ for smoke particles produced by

™
; nonflaming combustion and p, = 2.0 g/cm’ for soot produced by flaming combustion, the total par-
. ticulatc mass was estimated from the optically determined total particulate volume. For the room
. temperature tests, the optically determined values of the total particulate mass were then compared
4 with the corresponding values estimated by particulate sampling. For nonflaming combustion, assum-
v ing spherical particles. the optically determined particulate masses were about 2.5 times as large as
W the particulate masses estimated by sampling. Similar discrepancies have been obtained with previ-
ously tested materials such as PVC-nitrile rubber and PVC cable jacket material [4]. Possible sources
i of this discrepancy are the uncertainties in the particulate density and complex refractive index, losses
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in the sampling system, and departures of the size distribution from that assumed in reducing the opti-
cal data. For flaming combustion, the total particulate mass was estimated from the optically deter-
mined particulate volume obtained by using the downward scaled (effective) refractive index by multi-
plying it by the factor .., which represents the fraction of the optical volume occupied by the particu-
late material. The total particulate masses obtained in this manner average about 3.8 times larger
than the corresponding masses obtained by particulate sampling. However, when the refractive index
of the bulk particulate material (i.e., m, = 1.57 — 0.56i) is used and the %, correction is not applied
(i.e. the particles are assumed to be compact spheres), the discrepancy between the total particulate
masses is much larger. Here, the optical particulate mass averages about 11.6 times the mass
obtained by sampling. This latter discrepancy is consistent with previous results for flaming tests of
PVC-nitrile rubber, PVC cable jacket, and hydraulic fluid [4] in which refractive index downscaling
and 7, corrections were not used. It appears from the above results that the nonspherical shape and
high void fraction typical of soot agglomerates obtained during flaming combustion accounts for most
of the particulate mass discrepancy, while the remaining discrepancy is probably due to the same
effects as noted above for nonflaming combustion.

The STPV values given in Table 5 can be used to estimate the smoke volume concentration and
optical density for a known quantity of chlorinated alkyd paint burning in a confined space. The
STPV value is first multiplied by the total mass of dry paint originally present in the compartment to
obtain the total volume of the smoke particulates produced during combustion. Assuming that ail of
the smoke is uniformly distributed throughout the compartment, the volume fraction ¢ is next
obtained by dividing the previous result by the compartment volume. To obtain the optical density
the following formula is used:

ODjg = 0.651 Qe(D3;, mp) ¢/Dsy,

where D;, is obtained from Table 4, mg (effective) is obtained from Table 5, and Q,,, - -~lculated
by using the Mie scattering theory. As an example, consider a 3.04 x 3.04-m (9.29 m?) (iv x 10-
fty bulkhead covered with 5 coats of chlorinated alkyd paint (approximately 2 kg/m?) burning in a
708-m* (25,000-ft’) space. The weight of the unburned polymer in this case is 18.6 kg. From Table
5 the worst nonflaming case occurs for a 5.0 W/cm? radiant flux in room temperature air, for which
the STPV is about 0.040 cm’/g, while only slightly more particulates (0.050 cm®/g) are produced for
a typical flaming case that occurs in 25° to 300°C air. The worst case values of optical volume
fraction are 1.05 ppm for nonflaming combustion and 1.31 ppm for flaming combustion, while the
corresponding values of optical density (blue) are 2.7 m ™! and 1.4 m™' respectively. From this
example, it is clear that greater light obscuration occurs under nonflaming conditions than for flaming
combustion. For the nonflaming case, the light attenuation is severe, amounting to about (.2% of the
incident light transmitted over a 1-m optical path length. It is unlikely that such large amounts of the
chlorinated alkyd paint will undergo nonflaming combustion in an actual fire, however, since the radi-
ant flux would have to be supplied by flaming combustion of neighboring materials. Thus, flaming
combustion of the paint would be expected to occur, especially if the ambient temperature rises above
200°C. In this case the light obscuration is much less severe, amounting to a 4% transmission of
blue light over a I-m optical path length.

SMOKE PHYSICAL PROPERTIES DATA FOR INTUMESCENT PAINT
Description of Material and Sample Preparation
The intumescent paint tested was No. 9788 Firc Retardant Paint that is manufactured by Ocean

Chemical Co. of Savannah, Georgio specifically for marine applications. Upon exposure to heat or
flame this paint swells rapidly to form a thick porous char that insulates and protects the substrate
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from the fire environment. The Ocean 9788 intumescent paint is an oil-based material that is about
70% solids by weight. It has a wet density of 1.222 g/cm’, and it dries to form a film with a density
of 1.673 g/cm®. The chemical composition of this paint is proprictary and thus was not available.
The color of the paint used in these tests was white.

Samples of the Ocean 9788 intumescent paint were prepared by brushing it onto 5.1-cm squares
(2 in.) of cold rolled steel substrate 1.19-mm (3/64-in.) thick. The average weight of the substrates
was 29.5 g, The substrates were first cleaned with acetone, then 3 liberal coats of paint were applied
with a small brush over a 12-day period with a 1-day drying time between the first and second coats.
The average dry mass of paint applied in this manner was 1.63 g with a standard deviation of 0.14 g.
This yields an average dry film thickness of 0.378 mm (0.015 in), which is close to the recommended

thickness.  Storage time under ambient laboratory conditions for these samples ranged from 7 to 56
weeks.

One of the samples was exposed to the flame of a Bunsen burner to observe the intumescent
behavior.  After about 20 to 30 s of heating in the flame, the paint began to darken and blister, fol-
lowed by rapid vertical swelling and expansion of the char. This was accompanied by a slight lateral
contraction.  The char thickness ranged from about 22 mm in the center to about 27 mm along one
edge. The surface had a nodular texture with a scale of about 2 mm. Cutting into the char revealed

a tragile cellular structure—light, dry, and brittle in the outer layers and somewhat tacky in the layers
adjacent to the substrate.

Tests in Room Temperature Ventilation Air

Tests of the Ocean 9788 intumescent paint were conducted in room temperature ventilation air
(25°C) with a radiant flux of 5 W/icm?. Tests were run either with a propane pilot flame or without
to study the smoking behavior of the paint under both flaming and nonflaming modes of combustion.
However, owing to the fire retardant nature of this paint, flaming combustion never occurred in the
room temperature tests. Therefore, all of the room temperature tests were essentially conducted
under nonflaming conditions with only slight differences owing the presence of the small propane
pilot flame. For all of these tests the ventilation air flow rate was 142 I/min (5 ft*/min). The results
of these tests are presented in Figures 17 through 20 and Tables 6 and 7.

For the intumescent paint samples it was impossible to obtain weight loss data during the test
because of disturbances caused by the rapidly swelling char that contacted the pilot burner tube and its
igniter wire. However, an average mass loss rate was calculated based on the initial and final weights
and the time interval over which significant quantities of smoke were being evolved (based on optical
density measurements). For the room temperature tests. this average mass loss rate ranged from 0.05
to 0.08 mg/cm®-s (Table 6). The mass of the char residuc, expressed as a percentage of the initial
sample mass, was also obtained for the room temperature tests. These values (Table 6) ranged
between 55% (with pilot flame) and 58% (no pilot flame). Figure 17 shows the black char residues
obtained in the room temperature tests of the intumescent paint.  The coarsely nodular, porous surface
texture of the thick char layer is readily seen in these photographs. The white patch near one edge of
the char obtained in the test with the pilot flame was caused by direct impingement of the pilot flame
upon the char, burning off some of the carbonaccous material and leaving a white residue.

Smoke particle size distributions were obtained by using the cascade impactor for room tempera-
ture nonflaming tests of the Ocean 9788 intumescent paint exposed to a § W/em® radiant flux both
with and without the pilot flame. Figure 18 shows these size distributions as cumulative curves gen-
crated by plotting the percentage of particulate weight having particle diameters less than a given par-
ticle size vs. the particle size on log-normal probability coordinates.  In both cases. a straight line
gives a good fit to the cascade impactor data (plotted points), which indicates that the size distribution
is log-normal. Table 7 gives mass median diameters Dygygpy and standard deviations o, obtained from
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Table 6 — Sample Weight Loss Data for Intumescent Paint on
Steel Substrate
V"'"X‘i‘:“"" Radiant | AYC™EC | Char Residue
Mode Flux > (Percent of
Temperature | y/0m?) Rate | 11itial Weight)
0 (mg/cm--s)
Nonflaming 25 5.0 0.050 57.8
Nonflaming 100 5.0 0.19 54.9
Nonflaming 150 5.0 0.21 525
Nonflaming 200 5.0 0.84 56.4
Nonflaming 300 5.0 — 50.8
Nonflaming* 25 5.0 0.081 55.1
Nonflaming* 100 5.0 0.28 54.8
Nonflaming/flaming 100 5.0 0.12 56.4
Nonflaming®* 300 5.0 0.3 4.7
Nonflaming/flaming 300 5.0 0.24 45.5
“Pilot burner on, but no flaming ignition.
Table 7 — Smoke Properties Data for Intumescent Paint
Radiant - a Time to
Mode (51;:) (‘;/I::] ) r l?:r:)o 0, OBII) l’;‘c" (rl:ed) " ;;) Pe(a:'l:i SD
Nonflaming 25 5.0 0.11 { 0.61 1.96 0.57 0.42 0.70 3.4
Nonflaming 100 5.0 — — — 0.71 0.61 0.80 3.0
Nonflaming 150 5.0 — — — 0.40 0.33 0.50 3.0
Nonflaming 200 5.0 — — — 0.14 0.06 0.63" 2.2
Nonflaming 300 5.0 — — — <0.10 <0.10 c -
Nonflarning? 25 0.5 0.09 | 039 | 2.06 0.45 0.32 0.58 4.0
Nonflaming® | 100 5.0 - — — 0.30 0.18 0.73 3.0
Flaming 100 5.0 — — - 0.13 0.11 1.18 4.8
Nonflaming® | 300 5.0 — — — 0.48° 0.25° ¢ 1.6
Flaming 300 5.0 — — — 0.08 — 1.34% 4.3°
“Average of data points near OD,,,,.
At peak scattering rather than OD,,,.
“No measurable scattering in one or both angles.
9Pilot burner on, but nonflaming mode.
“Narrow peak without corresponding scattering.
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these cunves  For nontlanung combustion without the pifot flame. the particulates consist of 4 iy
ture ot white and hght tan or bege solid particles with a Dy, oF about 0 6 g Here the total mass
ot particulates collected on the cascade impactor was only 6 6 mg (0 43 10 20 gy whide about 38
my were collected on the absolute tilter ¢« 0 43y The particles collected on the cascade impac
tor plates were examined under a microscope at 30X they appeared as small agglomerates cabout |
niEn acrosst ot tines white, solwd particles The sample on the tilter appeared to consist ot tine hight
tun or bege powder  For the test conducted with the prlot Hame, tlanung igmition did not oceur. but
a Dyyygy, of only about 04 g was obtned  Here the total mass of particulates collected was only
Y 8 my. approvimately S99 ot which was collected on the absolute tilter (< 043 g The visual
appearance ot the particulates collected was the same s the cise without the pitot flame

The samphing data was also used o determine the traction of the sample mass loss converted 1o
purticulutes ([7) tor the room temperature tests These values ot T which are given i Table 7. show
that between 9 and 1% ot the total mass Toss appears as particulates tor nontlaming combustton of
the Ocean 9788 mtumescent paint under S W om® radiant Hus

The mositu optical system was used to obtain the mean particle diameters Dooand the optical
densities produced by nontlanung combustion of the intumescent pant samples A comparison of
mean particle sizes obtamed with a radiant flux of S W eme . bath with and without the prlot flame, s
piven an By 230 whiie the corresponding optical densities are given in Fig 20

Figure 19 shows that tor nontlanung combustion ot the Ocean Y788 intumescent pant .« sharp
peak inosmoke mean particle size occurs shortly atter pyrolvsis begine For the case wathout the pilo
Name. the mavimum value of Dooas about T3 o whale Doopeaks at about 11 e when the pilot
thame i~ it In both cases. smoke mean particle size decreases rapidhy during the next 2 nun and then
fevels ot to relatinvely constant values between 06 and 07 jan tor the remander ot the test
Although the pot lame doces not initiate anung combustion an these roon wmperature st 1t has o
sl ettect on mean particle size as evidenced by the shightly smaller values of D obtaned wath the
prlot lame on - Perhaps this s due o g small traction of the smoke particulates that pass directhy
throuyh the priot flame and experience some degree of evaporation or combustion

Freare 20 presents the smoke optical densities ar the blue green argon hine (0 XX any tor non
g combustion ot the intumescent pami samples i 25 C aennlfation air - Here the opocal densiny
tises raprdhy hetween 2 and 3 nun atter imtiation ol radiant exposure and reaches @ modest peak ot
dbout 05 o 6 m dasting about T oaun Thereatter. o much stower dechine i hight obscuration
nccurs bor the case wath the palot tlame. the optical densities are shightiv smaller which v con

sistent wath the smualler mean particle size

A comparison ot Bres 19 and 20 reveals that the sharp D0 peak occurs wihide the optical den
sty s ey low o which imphies that the number density and volame traction ot these Tarecr particles o
relatively sadl These curves abso show thar as the opnicad densiy s apidhy increasine . the mean
patticle drmcter oy rapidhy decreasine s and the peak optical density occirs st as D0 fevelme ot
to o nearthy constant vadue Table 7 ovves values of D0 correspondime o the peak opticad densities
Phese aptical 1y ranve bram 1370 coe pilot ton SO0 cwath prlot Loeer than the cortespondiny D
obtained by cacade mnpactor sampline Neide trose capermiental crrors part ot thas horepan
e bedue oo nenspherical shape ot the solid particles concraed by nontlannmye Combustion o the
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Fig 19 Smoke mean particle diameters for nonflaming combustion of intumescent paint
exposed to a radiant flux of S W cm” 1n room temperature ventilation air (25°C)
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Tests in Heated Ventilation \Air

A senies of tests 1n heated ventilaton air was conducted tor the Ocean 978K intumescent paint
samples both with and without the pilot fame  For the nontlanung tests 1no pilot flame). data were
obtained at ventlation air temperatares of 100 0 150 0200 . and 300 C For high temperature tests
with the piot flame. the ventilation wir was heated o 1000 and 300 C - For these last two test condr-
tuons. a briet period ot flanung combustion was usually observed  The results of these tests are
presented in Figs 17, 21 w0 24, and Tubles 6 and 7

As seenan Table 60 increasing the ventfation air temperatue under nontlaming conditions trom
100 to 1500 C ncreased the average mass loss rate by 4 tactor of tour. while 4 turther icrease i ar
temperature to 200 C vielded another tourtold increase o average mass loss rate. With the exception
ot the 200 C test, increasing the ventslation air temperature (25 1o 300 C) tor ponflaming conditions
resulted n g small but steady decrease an the percemtage of smtial mass remaiming as char For tests
with the pilot flame. average mass loss rate again increases with air temperature. but the amount of
merease 18 considerably less than in the nonflaming tests. This s opposite to what 15 expected. since
the piiot lame and any tlaming combustion ot pyrolysate gases should increase the heat transter to the
polymer surfuce resulting in greater mass foss rates. However, the eirors incurred in estimating the
average mass loss rate in the absence of instantancous weight loss data are expected to be significant
and may account tor this discrepaney - For the 300 C ests wath the pilot flame the amount ot char
rematning s constderably less cabout 45%) than tor the corresponding nontlamiing test tabout S1%)

Char residues obtained from the high temperature tests of the Ocean 9788 intumescent paimt are
dlso shownan kg 17 For the nontlaning tests there are considerable variations in the thickness and
surface topography ot the char lavers. but there appears to be inttle correlation ot these variations with
teimperature These varations in chor appearance are probably due 1o vargtions in some other tactor
such as pamt fdme thickness, age of sample. or hunidiy of ventilation air On the other hand. tor
vases inowhich lanung combustion occurred. the chars obtimed  exhibited  detinite characteristic
features In the locations on the surtace where flamelets were observed, the char was much darker
than the surrounding surtace  In some cases the mumescence was enhanced by the localized
Hamelets o produce columnar teatures, the largest such char column observed was about 15 mm in
drmeter and about 7 mm high Inaddimon. o moderate coating of white material covered most ot the
surtace that had the same nodubar testure as i the nonthuning 1esis

Parnicie sz and optical density data obtaimed trom tests of Ocean Y78K mtumescent paint sam
ples conducted i hot ventilation wir are shown an Figs 21 and 22 tor nontlaming combustion and in
Figs 238 and 24 tor tlanune combustion In the tigures tor nontlaning combustion the room tempera
ture adata are also shown for companson. howeser. this could not be done for lanning combustion
since anung pmtion never occurred i the toom temperature tests High remperatiee dada are also

given an Tables 6 and 7 Inoall flaming tests o smadl propane: priot tlame was mamtained over the

sample throughout the test, and the radiant Ty was S W oome o all ests

Frgnre 21 shows the efect ot mercasiny the sentilanon air temperature on mean smohe particle
dameter Do tor nontflanuny tests ot the mtumescent pannt For tests at 1000 and 150 € the curves
ot Doy tme are quahitatn ey ainlar o that for the toom temperature test, but the partic e sizes
obtamed duning the last halt of the 10 0 0 exposare penod rwhere 1Yo nearlv constanty gre somie
what ~madler tor the ligher temperature tesis cabout S o Faurthermore there s a proneanced dip
i the D oocurve to about 03 pm for the 150 € test 11 VS i that does not appear at the Tower
temperatures  For the 2000 C rest, measurable quantities of smoke particulates were obtamed only g
aneny bnet peniod.about 2 onnn atter amtal exposure.s dunny which D dropped rapidiv trome about
0910 03 m At cach temperature, the largest particies occurred i the mitial stages when the opt
cal densiny was low  For the test conducted at 300 C wathout the pilot tlame. no Light scattening or
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Fig ) Fitect of ventilation g temperature on the smioke mean particle diameter tor nontlaning

combustion of intumescent paint cxposed to g radiant fluy of S W om

absorption by smohke particulates was detected. Table 7 shows that tor ambient temperatures ot 28
to 150°C, the value ot D s at the tme of maximum optical density ranges trom (0.5 10 O 8 um

Fagure 22 presents the etfect of venulation air temperature on smoke optical density (0 488 um

wavelengthy tor nontlunung combustion of the intumescent paint. Increasing the ambient temperature
v seen to have o dramatic ettect on optical density At 1007C the peak in optical density s consider
ably higher and oceurs carher than at room temperature, and the dechne in opucal density following
the peak v much more rapid at the higher temperature.  In contrast, further moderate increases in
ambient wemperature greatly reduce the peak optical dengity and the time interval duning which
measurabie light obscuration occurs. Part of this reduction in optical density shown i Fig 220 which
gives directlhy, measured values, s due to the increased dilution of the smoke particulates by the higher
volumetric Hlow rate of the heated ventlation air (Table 1), The values of peak optical density given
in Table 7 have been corrected for this eftect: they reflect more accurately the decline in smoke pro
duction as the ambient temperature s rased above 1007°C

The effect of increasimg wemperature on optical density as shown n Fig 22 and Table 7 s prob
ably due to the combined ettects ot mcreased pyrofysis rate and reduced condensation ot pyroly sate
vapors  Increasing the ambient temperature from 25 0 to 100°C apparently accelerates the pyrolysis
reactions without sigmificantly reducimg the condensation process that proaduces particulates. thus the
peak optical density ancreases and the width ot the peak narrows  This indicates that the borling point
of the particulates exceeds 100 Co The dramatic reduction in optical density obtamed with icreases
in temperature above 100 C andicates that suppressed condensation ot pyrolvsis vapors s then the
dominant tactor. Thus. most components of the smoke particulates produced by nontlaming combus
tion ot the intumescent paint probably have bahing ponts between 1807 and 200 € The absence of
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WILLIAMS, POWELL. AND ZINN

measurible smoke particulates at temperatures above 300°C indicates that virtually none ot the com-
ponents of the smohke particulates has o bothing point exceeding 300°C  This ehnunates the possibihty
that the sohid partcles collected by cascade impactor sampling and filtration consist of norgamc pig-
ment matenials that have much higher vaporization temperatures.

At clevated ambient temperatures 1t was possible. under certain conditions. to obtain fluming
combustion ot the Ocvean Y78X intumescent paint. Figures 23 and 24 give the resuits of three tests
conducted 1in 100 C venudation air ain which the propane pilot flame was used. In Test AL flaming
ienstion did not occursan Test Bononflanung smoke was detected shortly atter 1 mine and flaming
wnition ooeurred acout 2 man fater. i Test C) the smoking behavior of the paint sample was simlar
to Test B obut the onset ot pyrobysis and tlanung sgnmition were both delayed by about 2 min

Figure 23 shows the vanations of mean smoke particle diameter with tume during these flaming
tests The sanatson in D dunng the iinal nonflanming phase 18 sinular to that observed in sinnlar
tests conducted without e prlor flame (kg 210 The onset of flaming combustion s marked by a
sudden mcrease in Do trom 005 10 0 6 g tnontlaning) o about 1.2 pm - This s also accompanied
by oa sudden decrease i the 90 scattening rano [ 7/ 1o the low values consistent with the highly
absorhing . hlack . soot geplomerates produced by tlaming combustion. For Test Bo the flanung phase
Lasted about 21 2 nuns Visual observations during these tests indicated that flaming combustion was
iterittent or thokering and was highly localized to specitic regions of that sample surface

Furure 24 shows the optical density sanations (0 488 am wavelengthy tor the same three 100 C
tests  These curses show that the optical density tor Test B dechined rapidly shortly after flaming
iwnibon while o Jow peah was obtained atter ignition in Test € In both tests the optical density

observed dunmye thanung combustion was about halt of the obtained during the earher nontlaming
phasc

Three tests were conducted i 300 C sennlation wir with the priot tlame it A< an the 100 C
tests hret perds ot locabized internnttent Hanung combustion accompaned by ight soot production
were observed  Inonly one o these tests, however, were the Tight scattenine and attenuation signals
trom this soot suthaentis strong o vield vafues of mean smoke particle size and optical density in
this test cTable 7y the Do measured at peab scattering was somewhat larger than that obtamed at
TO0 € while the peak optical density obtained at 300 C was considerably less than that observed at
i These tests aise indicate that the duration and extent ot tlanming combustion of the Ocean
TSR Ontumescent paint s considerably less at high ambient (emperature 0300 C) than at intermediate
amhient temperature Q00 Cy o This behavior s guite ditterent tromt the chiormated alkvd paint tor
which spontancous gmnon occurs at clevated ambient temperatures  These ditferences are probably

due e the compley phyvsical and chenucal processes imvolved an the intumiescence and pyrolysis ot the
Chocan Y7RX parmt

Smohe Particle Refractive Index and Volume Fraction

For nonflanmuny tests of the Ocean Y7%K ntumeseent paint. measurement ot the ratio of optical
densities ODy ODy and the 90 scattening ratio /1 were used o estimate the compley retractinve
mdev ot the smoke particles  Values of the retractive indexy determuned from these measurements
under the assumption of nonabsorbing particles tor these tests were often lower than expedted 1o
sioke particies dess than 1 S whaich usualhy ndicates that the smoke particles absorb g well as
soatter hghr vk - 0 Thus the curve hithimg echmigue that was used in deternming the compley
retractive indey tor smoke particles produced an tests ot the chiormated alkyvd paint in heated ventila
ton e was alse used 1o determine the retractinve mdey nand absorption indey 4 tor smoke produced
by the imtumeseent paimt For cach of the nontlamimg tests, measured values ot /7 and ODy ODy,

were plotted ss Do Values ot #oand 4 were then estitmated trom the Mae theory curve that best fits
the plotted data
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WILLIAMS, POWELL, AND ZINN

Typical plots for nontlaming tests at room temperature are shown in Fig. 25, while the
corresponding data at 100°C are given in Fig. 26. For the room temperature tests, Fig. 25 shows
that no single theoretical curve of 1y/1 | vs Dy, fits the plotted points that vary steeply over a narrow
range in D3>, This indicates that the complex refractive index varies considerably during the test,
particularly near the time of peak optical density. The curve corresponding to
myg = 1.306 — 0.0114i best fits the average of the I,/1 | and ODg/ODy data near peak optical den-
sity (solid circles) and some of the data obtained earlier in the test. The curve corresponding to
mg = 1.353 — 0.07i best fits the data obtained during the early phases of the tests: it indicates that
significant variations in the complex refractive index and hence the chemical composition of the
smoke particles occur during the test. This variation appears to be greatest near peak optical density

-
where the variation of Dy, is small. N
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Figure 26 shows the same plots for a test conducted in air heated to 100°C. Here the theoreti-
cal curve fits the plotted data near maximum optical density much more closely than in the room tem-
perature tests. For this test the best fit of the [ /1 data occurs for n = 1.357 and & = 0, indicat-
ing nonabsorbing particles. A very good fit of the ODy/ODy data was then obtained by allowing the
refractive index to vary with wavelength (my = 1.357. n, = 1.346). However. two other replicate
tests vielded somewhat differemt results indicating absorbing particles with a somewhat smaller refrac-
tve indey tabout 1,330 and an absorption indey of about 0.03 For these latter tests there is alsa con-
aderabhy more deviation of the plotted pomnts trom the fitted theoretical curves thun i the case illus-
trated by Figo 260 The complex refractnve idey given i Table 8 for the nonflaming tests at 1007C s
an average of values obtained trom the three rephicate tests discussed above.
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WILLIAMS, POWELL, AND ZINN

Values of the complex refractive index for nonflaming tests of the Ocean 9788 intumescent paint
conducted at 150° and 200°C were obtained by a similar curve fitting process. but the data are less
reliable owing to the reduction in light scattering and absorption signals at the higher temperatures.
Average values of the complex refractive index shown in Table 8 suggest that for the temperature
range 25° to 200°C, the absorption index £ of the smoke increases steadily with ventilation air tem-
perature and that the effect of temperature on the smoke refractive index n is small. This indicates
that the chemical composition of the smoke produced during nonflaming combustion of the Ocean
9788 intumescent paint is dependent on the ventilation air temperature.

Table 8 — Smoke Refractive Index, Volume Fraction. and Total
Volume for Intumescent Paint

Ventilation . Refractive Peak Spf:ciﬁc
. Radiant Index Total
Mod Air El NE 7. Volume Particl T
ode Temperature ux. mg (NF) (F) Fraction article /T
°C) (W/em) or (ppm) Volume
mg (F) (em'rg)
Nontlaming 25 5.0 1.310-.010i — 0.23 0.081 1.00
Nonflaming 100 50 1.341-.022i — 0.29 0.31 0.33
Nonflaming 150 5.0 1.317-0.041 — 0.16 0.024 0.25
Nonflaming 200 5.0 1.32-0.05i — 0.06 0.005 0.06
! Nonflaming® 25 5.0 1.27-0.013i — 0.20 0.054 —
i
Nonflaming® 100 5.0 1.375-0.17i — 0.13 0.0095 —
Flaming 100 5.0 1.206-0.15i | 0.35 0.18 0.013 —
Flaming 300 5.0 1.155-0.11i | 0.26 b b —

“Pilot flame on. but nonflaming combustion. At 25°C flaming never occurred, at 100°C «amples ignited
later 1n test

" Insutficient Light attenuation for determination of volume fraction and STPV.

Figure 27 shows the particulate volume fractions for the nonflaming tests of the Ocean 9788
intumescent paint samples. These volume fractions were calculated by using the constant values of
the complex refractive index given in Table 8 that were determined by the curve fitting procedure dis-
cussed above. These values of volume fraction are most reliable near the peaks where the values of
complex refractive index, mean particle diameter D5, and optical density used in the calculations are
the most accurate. Table 8 also gives the peak volume fractions, averaged for cach set of replicate
tests. These peak values. which reach a maximum of about 0.3 ppm at 100°C, are considerably
smaller than those obtained for the chlorinated alkyd paint under nonflaming conditions (25° and
100°C only) when the lower ventilation air flow rate of the intumescent paint tests is taken into
account.  The shapes of the curves of volume fraction vs time and their dependence on ventilation air
temperature are similar to those of the optical density curves given in Fig. 22. This shows that the
optical density of the smoke produced by the intumescent paint samples under nonflaming conditions
is determined principally by its concentration,

For the case of fluming combustion of the Ocean 9788 intumescent paint. the soot particles pro-
duced are nonspherical and highly absorbing, and thus direct determination of the complex refractive
index from the measured values of 1,71 | and ODg/ODy is impossible.  As in the case of the chlori-
nated alkyd paint, the method of downward scaling of the soot particle refractive index to account for
the presence of loosely packed. low-density soot agglomerates was used.  Data for the best of the
flaming tests conducted in air at 100°C are shown in Fig. 28, where values of 1 /1| are plotted vs
D,,. This figure shows both data for the initial nonflaming phase, which lasted about 5 min.. and the
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WILLIAMS, POWELL, AND ZINN

flaming phase, which lasted about 2 min. The flaming data best fitted by an effective refractive index
m, of 1.283 — 0.21i, while the nonflaming data yielded mg = 1.407 — 0.18i. In both cases there is
considerable scatter about the theoretical curves.

Table 8 gives the averaged values of complex refractive index for both flaming mg and nonflam-
ing mg phases at 100°C and flaming phases at 300°C. The corresponding values of 75, the fraction
of the optical mean particle volume that is actually occupied by the particulate material, is also given
in Table 8 for the flaming phase of the tests. The n, values indicate that the soot particulates pro-
duced during flaming combustion of the Ocean 9788 intumescent paint are very loose, low density
aggregates of smaller primary soot particles similar in density to those produced by flaming combus-
tion of the chlorinated alkyd paint. These data also indicate that the soot agglomerates produced in
100°C air are somewhat denser and more compact than those produced at 300°C.

It shoulu also be noted from Table 8 that the complex refractive index of the smoke particles
produced during the nonflaming phase of the “‘flaming’" test at 100°C (with pilot flame) was signifi-
cantly different from that obtained in the purely nonflaming tests (no pilot flame). Since the absorp-
tion coefficient (imaginary part) is considerably higher when the pilot flame is lit, this difference may
be due to a small quantity of soot generated by the propane flame and mixed with the smoke gen-
erated by the paint sample during the nonflaming phase of the test.

Figure 29 presents the curves showing volume fraction variations during tests of the intumescent
paint with the pilot flame lit. For the test conducted in room temperature air (25°C), flaming ignition
did not occur, and the resulting volume fraction curve resembles the one shown in Fig. 27 for a room
temperature test without the pilot flame (i.e., radiant heating only). For Test B at 100°C, the first
half of the curve (including the rising part of the sharp peak) which corresponds to nonflaming
combustion, is very similar to the 100°C curve (without pilot flame) shown in Fig. 27. The onset of
intermittent, localized flaming combustion produces a sudden drop in particulate volume fraction fol-
lowed by a second lower peak in volume fraction for which the corresponding optical density peak
shown in Fig. 24 is much less prominent. For Test C at 100°C, the second peak, which corresponds
to flaming combustion, is sharper and higher than the first (nonflaming) peak. Again the correspond-
ing optical density peak for flaming combustion (Fig. 24) is much less prominent. These differences
in relative peak heights between the corresponding optical density and volume fraction curves for the
100°C tests of the Ocean 9788 intumescent paint are due to the drastic differences in mean particle
diameter (Fig. 23) and complex refractive index (Fig. 28) between the smokes produced by flaming
and nonflaming combustion of this material. Averaged peak volume fractions for these tests are also
given in Table 8.

Values of the specific total particulate volume (STPV) are also given in Table 8. As in the case
of the chlorinated alkyd paint, STPV values for nonflaming tests of the Ocean 9788 intumescent paint
decrease markedly as the ventilation air temperature is increased. At 200°C, the STPV is only about
6% of that obtained at room temperature. For the nonflaming room temperature and 100°C tests. the
STPV obtained with the intumescent paint is about twice the STPV yield of the chlorinated alkyd
paint (Tables 5 and 8). In general, the total particulate volume actually produced in the intumescent
paint tests was lower than that observed for the chlorinated alkyd paint owing to the much smaller
sample mass used in the intumescent paint tests. Only at 100°C was it possible to measure the STPV
for flaming combustion of the intumescent paint.  The value given in Table 8 (0.013 cm'/g)
represents only the flaming portion of the test; adding the STPV value for the nonflaming part gives
an STPV of about 0.023 ¢m'/g for the total test, which is considerably lower than that obtained in the
completely nonflaming tests.
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Fig. 29 — Effect of ventilation air temperature on the particulate volume fraction for combustion :.-
of intumescent paint exposed to a radiant flux of 5 W/em? with pilot flame \:‘_
~
Although no sampling data were available for elevated air temperatures, the effect on ambient ,’,-:'
temperature of I' was estimated from the optical data. These relative values of I, in which I" is nor- s
malized with respect to the corresponding room temperature value, are presented in Table 8 for non- o
flaming combustion only. These I' values follow the same trend with increasing ventilation air tem- s
perature as the specific total particulate volume. Normalized I' data were not available for flaming =
. ~ . . b . . . ~ -
combustion of the intumescent paint because the S W/cm- radiant flux with pilot flame was not suffi- 0,
cient to ignite this material in the room temperature environment. o
The total particulate masses produced in the nonflaming tests of the intumescent paint were 3
estimated from the STPV values and the original sample masses assuming a density pp, =13 g/cm’
of the smoke particle material. For the room temperature tests, the optically determined values of the
total particulatc mass were then compared with the corresponding values estimated by particulate sam- e
pling. The sampling data was an average of the particulate masses collected for a test with cascade
impactor and absolute filter in series and a test with absolute filter only. This comparison was done r::'
for tests conducted without the pilot flame and for tests conducted with the pilot flame. For nonflam- o
ing combustion without the pilot flame, the optically determined particulate mass was about 2.4 times -

as large as the particulate mass estimated by sampling. For nonflaming tests with the pilot flame, this
ratio was about 2.0. These discrepancies are similar to those obtained for nonflaming tests of the
chiorinated alkyd paint and other previously tested materials. The sources of this discrepancy are
probably the same as noted for the chlorinated alkyd paint. Since particulate sampling data is not
available for the tests conducted in heated ventilation air and flaming combustion did not occur in the -
room temperature tests, the comparison of optically determined and sampled particulate masses could
not be done for flaming combustion.
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> WILLIAMS. POWELL, AND ZINN :
ﬁ By. using the same procedure as dcs.cribcd for the chlorinated alkyd pqint. the vu]uc.s of l}hc f::_
STPV given in Table 8 can be used to estimate the smoke volume concentration and optical density .
' for a known quantity of Ocean 9788 imumgscent paint burning in a confined space. Consider @ 3.04 :::
0 X 9.7 m (10 ft x 32 ft) surface (2.97 m-) covered with three coats of intumescent paint (approxi- o
mately 0.63 kg/m”) burning in a 708-m* (25.000-t%) space. The weight of the unburned paint in this
) case is 18.7 kg. which is nearly the same as for t’hc chlorinated alkyd paint example. From Table . :
the worst nonflaming case occurs tor a 5.0 W/em™ radiant flux in room temperature air, for which the -
Le STPV is about 0.081 cm?/g. This yields a total particulate volume of 1515 ¢cm' and a volume frac- -
: tion of 2,14 ppm. The resulting optical density in blue light (A = 0.488 pmy) is nearly 5.4 m '
g which indicates very severe attenuation of light, amounting to only 4 millionths of the incident light
transmitted over a 1-m optical path length. This light obscuration is much greater than that produced it
~ by burning an cqual mass ot the chlorinated alkyd paint under the same conditions. A similar caleula- N
> tion could not be performed tor flaming combustion of the intumescent paint because of the localized &
> and intermittent nature of the flaming combustion of this paint in the small scale tests. Large scale R
3 tests of this paint applied to PVC-nitrile rubber substrates. however, shows that tlaming combustion ‘S
of this material does occur with the production of large quantities of black smoke [13].
-
‘: SUMMARY AND CONCLUSIONS :
»

Smoke physical properties were determined for two patnts used aboard ships and submarines: a
chlorinated alkyd paint as specitied by DOD-E-24607 and an intumescent paint (Ocean 9788). These
- properties were determined for both smoldering and flaming combustion under a radiant tlux of §
W/em® in both room temperature and high temperaiure atmospheres.  The results of these tests are
summarized befow for cach material.

)
u

Chlorinated Alkyd Paint

P T 2 ]
.
L -

9 tay Particle sampling indicates that the size distribution is log-normal for both nonflaming and s
-~ flaming combustion of the chlorinated alkyd paint in room temperature ventilation air.  For nonflam- o
:: ing combustion the smoke particulates consist of pale yellow spherical liquid droplets with a Dy, of :’:_
N about 0.9 gm. For fluming combustion. black, sooty particles are produced with @ Dyyygpy of about ::
- 0.6 gm. The size distribution obtained under flaming combustion is considerably broader than that Na

produced under nonflaming combustion.

'

thy During smoldering combustion in room temperature air. the chlorinated alkyd paint converts

about 11% of its total mass loss into smoke particulates.  During flaming combustion this material v.-
: yields slightly less than 49 of its total mass loss as particulates.  For both types of combustion, about o
0% of the original sample mass remains after combustion as carbonaccous char and inorganic pig-
ments. i
- . - . . \:
(¢) The in situ optical measurements reveal considerable variation in mean particle diameter -
(D;2) during nonflaming tests of the chlorinated alkyd paint in room temperature ventilation air. The -
. N . . . . *a
D;» range between 0.7 and L.} pm, with an average of about 0.85 pm during the time of peak optical
density, This latter value agrees well with the Dy, obtained by sampling.  For fluming combustion
, the Dy, s nearly constant at 1.1 to 1.2 gm which s nearly twice the value obtained by sampling. i
3 This discrepancy is probably due to the nonspherical shape of these particles. e
4 v
’ . . . - . . - - ¥
P (dy The peak optical density obtained in room temperature tests at a ventilation air flow rate of e
p 425 I/min is about 1.0 per meter for nonflaming combustion, and it is somewhat lower for flaming "'.
combustion.
‘P
.
A
e
A i
o 40 L
. U
N
‘ ‘.
L ._‘.-" BT AT BT T Al S T 4, o L A L S P NP S L T T S S R Rl % TR LTy ‘r.._( > ‘.‘r,-q;_‘-‘. ‘r\‘ ‘.n‘\ '_-n' -‘ "'-' .-' -
I e A A T e G s G R e A (s G S R R G R R T R S R A R St



(Yl 4 .!".

PrsS Pl

Rl

¥

.
-

PENE AL

]

NRIREPORT 9043

() Smoke particles produced during nonflamung combustion ot the chlorinated alkyd pamt an
room temperature air attenuate a light beam primanily by scattering. with very hittle at any . absorp-
tion.  These particles have a refractive index of about 134 during the perniod ot maxamum: hgh
obscuration. On the other hand. the smoke particles produced durmg Hammy combustion ot this paint
are highly absorbing, with a complex refractive index consistent with loosely packed. low density soat
agglomerates that occupy shghtly more than 25% of the optical mean volume as deternuned trom the
torward scattering measurements.,

(1) Modcrate increases in the temperature of the ventilation air (to about 100 °C) for nonfluming
tests of the chlorimated alkyvd paint reduce the peak optical density. peak particulate volume traction,
and specific total particulate volume (STPV) to about halt of the room temperature values. Similar
increases in the ventilation air temperature have litle effect on Dy oat peak optical density . but
changes in the chemical composition of the partictes result in light absorbing particles with a complex
refractive index of approximately 1.42 — 0.1i. Larger increases i ventlation air temperature (above
2007Cy result in spontancous ignition of the material and subsequent flaming combustion.,

tg)y For flaming combustion of the chlorinated alkyd paint there is a small but definite trend of
increasing Dy- as the ventilation air temperature is increased from 25° 1o 300°C. Peak values of op-
tical density and volume fraction increase with ambient temperature. but temperature has little etfect
on the STPV or the complex refractive index of the smoke particles.  Increased ambient temperature
also slightly reduces the percentage of original sample mass remaining as char residue.

Ocean 9788 Intumescent Paint

{4) Because of the fire retardant nature of the intumescent paint. flaming combustion does not

. . . . hi - . - . . .
oceur in room temperature air at the radiant flux of S W/em=. For tests in heated ventlation air witk
the pitot flame, a brief period of localized. intermittent flaming combustion is usually observed.

(h) Cuscade impactor sampling indicates that the particle size distribution is log-normal for non-
flaming combustion of the intumescent paint in room temperature ventilation air. The Dy, average
about 0.6 um for tests conducted without the pilot flame. Microscopic examination of collected sam-
ples reveal that these particles consist of a mixture of white and fight tan or beige sofid materials.

t¢) Sampling data also indicates that between 9% and 11 % of the total mass loss appears as par-
ticulates during nontlaming combustion of the intumescent paint in room temperature ai.. Between
55% and S8% of the original sample mass remains after combustion as a thick. porous. low density
carbonaceous char with a coarsely nodular surface texture.

(d) For nontlaming tests of the intumescent paint in room temperature air the mean smoke par-
ticle diameter Dy varies between about 1.2 pm shortly after the beginning of the test to relatively
constant values of about 0.7 gm for most of the test. The optical density reaches its peak of about
0.6 per meter (142 Umin ventilation rate) just as Dy is leveling off to ity nearly constant value. The
complex refractive index of the smoke particles varies considerably during the tests. especially near
the tume of maximum optical density. These particles are mildly absorbing with a complex refractive
mdex of about 1.31 - 0.011.

(¢) The principal effect of increasing ventilation air temperature for nonflaming combustion of
the intumescent paint is a dramatic reduction in peak optical density, peak particulate volume fraction,
duration of measurable light obscuration, and specific total particulate volume for temperatures above
1007C. For ventilation temperatures of 3007C and above. light scattering and attenuation by smoke
particles is negligible.  The cffect of environmental temperature on mean particle diameter is not
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well-defined, with D,» ranging between 0.5 and 0.8 um.  Increasing the venulation wir temperature
also increases the light absorption index of the smoke particles, which indicates an eftect on chemical
composttion of the particles. Increasing temperature also results in g small decrease i the percentage
of initial sample mass remaining as char.

(0 Smoke particles produced during the brief periods of intermittent. locahzed flaming combus-
tion in the 100° and 300°C atmospheres, appear to consist of loose agglomerates of smaller soot par-
ticles. These agglomerates have optical mean diameters ranging between 1.2 and 1 35 um

s & AT T FFITiwWCERS

. The smoke physical properties of the two paints tested in this program may be compared by tak-
ing into account the differences in initial sample masses and ventilation air-tlow rates tor these two
materials. For nonflaming combustion, the smoking tendency I' of the two paints is about the same.

A The intumescent paint produces somewhat smaller particles than the chlorinated alkyvd paint during
X nonflaming combustion and slightly larger particles during flaming combustion.  For nonflaming
3 combustion, the particles produced by the two paints differ greatly in shape. chenmical composition,

and physical state. For flaming combustion both paints yield loosely packed. low densiy
X agglomerates of smaller primary soot particles. Most significantlv, the STPV produced by the ;.:
i intumescent paint during nonflaming combustion in room temperature air is about twice that produced o
. by the chlorinated alkyd paint under the same conditions. Thus, the resulting light obscuration :
\ obtained with the intumescent paint is much greater than that produced by burning an equal mass of ’:'
. chlorinated alkyd paint under nonflaming, room temperature conditions. This comparison could not -~

be made for flaming combustion because of the localized and intermittent nature of the flaming o

combustion of the intumescent paint. \
2 ‘
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